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Abstract 
    Nanocrystalline SiC ceramics were sintered by spark plasma sintering, with 
alumina and quartz powders as additives. X-ray diffraction and transmission electron 
microscopy analyses revealed that mullite phase with the preferred orientation of the 
c-axis perpendicular to the compressive axis was formed in SiC ceramics sintered at 
1600 and 1700 ºC, while mullite phase with the preferred orientation of the c-axis 
parallel to the current direction was formed in SiC ceramics sintered at 1800 and 1900 
ºC. 
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     Significant features of spark plasma sintering (SPS) are the high heating rate, the 
high pressure and the current effect. These features have been studied by a large number 
of researchers (e.g. [1]), and recently a substantial viewpoint set on SPS was published 
[2]. Although the role of plasma has been frequently argued, its existence has not yet 
been clarified. Such a fundamental investigation would help us understand the physics 
of the SPS process. The application of a current has an influence on mass transport. The 
enhancement of mass transport by the current is caused by a change in defect 
concentration or enhanced mobility of the defects [3]. The pressure effect on the 
orientation of the microstructure during SPS is well known [4]; however, the effect of 
the current and/or the electric field on the orientation of the microstructure has seldom 
been reported. Recently we found that the mullite phase in silicon carbide (SiC) 
ceramics sintered by SPS had a texture in which the c-axis was oriented parallel to the 
SPS current direction [5]. In this paper, the effect of the electric field on the mullite 
texture is clarified in detail. 
    The starting powder was ultrafine β-SiC, with a mean particle size of <50 nm 
(MTI Co., Richmond, CA). The SiC powder was mixed with α-Al2O3 powder with a 
mean particle size of 0.2 µm (AKP-50, Sumitomo Chemical Co., Ltd, Tokyo, Japan) 
and SiO2 (quartz) powder with a mean particle size of 0.8 µm (Kojundo Chemical Co., 
Ltd, Saitama, Japan) as sintering additives. The composition was designed such that 20 
vol.% 3/2 mullite (i.e. Al6Si2O13) phase was formed in 80 vol.% SiC ceramic. The SiC 
and additive powders were mixed by planetary ball milling. The mixed powder was 
sintered via SPS at 1600–1900 ºC and at a pressure of 25–100 MPa, with a heating rate 
of 50 ºC min-1, followed by soaking for 0–10 min under a nitrogen atmosphere. In this 
paper, the SiC with added Al2O3 and SiO2 is denoted as AS-SiC. 
    Crystalline phase identification of the samples was conducted by using X-ray 
diffraction (XRD) with a copper target (Rint 2500, Rigaku, Tokyo, Japan). 
Transmission electron microscopy (TEM) observation of the microstructure was 
performed with a field emission transmission electron microscope (JEM2100F, JEOL 
Ltd., Tokyo, Japan) at 200 kV. The analytical work was performed by energy-dispersive 
X-ray spectroscopy (EDS; JET2300T, JEOL Ltd., Tokyo, Japan) with the scanning 
transmission electron microscopy (STEM) mode using a probe size of 1 nm. The 
composition of mullite phase was assessed using k-factors which were calibrated by the 
standard 3/2 mullite powder. 
    AS-SiC sintered by SPS at >1700 ºC was almost fully densified. However, the 
relative density of the sample sintered at 1600 ºC was ~86%. 
    XRD measurements were conducted on the compressive planes of the sintered 
samples. The results revealed that mullite phase was formed in the sintered AS-SiC as 
follows: 
(2+x)Al2O3 + 2(1-x)SiO2 => Al4+2xSi2-2xO10-x 
with x ranging between about 0.2 and 0.9 (~55–90 mol.% Al2O3) [6]. 
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     The orientation of the mullite in AS-SiC sintered by SPS was clearly different at 
the different sintering temperatures. Figure 1 shows typical XRD patterns of AS-SiC 
sintered at 1700 and 1800 ºC. The peaks from the mullite (001) and (002) planes, i.e. the 
c-axis planes, are observed at 2θ of ~31.0 and ~64.6º, respectively. Inherently, the 
relative intensity of the peak from the (001) and (002) planes are 20 and 18%, 
respectively, of the intensity of the strongest peak from the (210) plane, which is 
perpendicular to the c-axis planes at 2θ of ~26.3º (JCPDS 15-0776). In AS-SiC sintered 
at 1800 ºC, however, the peak intensities from the c-axis planes of mullite were stronger 
than that from the (210) plane. This means that the c-axis planes of mullite are 
orientated parallel to the SPS compressive plane. The AS-SiC sintered at 1900 ºC 
showed a similar feature. These results were similar to those in our previous report on 
the mullite texture in AT-SiC ceramics SPS sintered at 1800 ºC [5]. On the other hand, 
the peaks from c-axis planes of mullite were hardly observed in AS-SiC sintered at 1600 
and 1700 ºC. This means the c-axis plane of mullite was oriented perpendicular to the 
compressive plane during sintering at lower temperatures. The insets in the Figure 1 
display the peaks from the (120), (210) and (001) planes of mullite. The peaks from the 
(120) and (210) planes of mullite in AS-SiC sintered at 1700 ºC are clearly 
distinguished; however, those from the mullite in AS-SiC sintered at 1800 ºC overlap. 
As shown in the above chemical equation, mullite crystals can possess variable 
aluminum to silicon ratios. The equilibrium crystal structure of mullite with a 
composition of 3Al2O3∙2SiO2 (3/2 mullite) is orthorhombic, with lattice parameters of a 
< b. Then the peaks from the (120) and (210) planes at the 2θ of approximately 26º are 
clearly distinguishable [7]. The a lattice constant increases linearly and the b lattice 
constant decreases slightly as the Al2O3 content increases [6]. As a result, the Al2O3-rich 
mullite has the crystal structure with 𝑎𝑎 ≈ 𝑏𝑏, a so-called pseudotetragonal structure [7], 
and the two peaks from the (120) and (210) planes overlap. Because of this, the Al2O3 
contents in AS-SiC sintered at a temperature above 1800 ºC were suggested to be higher 
than those sintered at a temperature below 1800 ºC. In this way, AS-SiC sintered by SPS 
showed contrasting texture and crystal structure in mullite phase according to the 
sintering temperatures. 
    In order to ascertain the effect of the electric field on the texture formation, the 
SPS was performed by using pure hafnia (HfO2) plates with a thickness of 1.5 mm as 
insulators. The AS-SiC powder compacts were set between HfO2 insulation plates and 
sintered under the same conditions as without insulators. Here, AS-SiC sintered by SPS 
with and without HfO2 insulators are denoted as standard AS-SiC and insulated AS-SiC, 
respectively. 
    Figure 2 shows the ratio of the integrated intensity from the (001) plane, I (001), to 
the sum of the integrated intensities from the (210) and (120) planes, {I (210) + I (120)}, of 
mullite crystal in AS-SiC sintered by SPS at various sintering temperatures. The data of 
commercial mullite powder (Grade: KM102, KCM Corporation Co., Ltd.) is also 
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 presented. The dashed line shows the ratio of the peak intensity from the (001) plane to 
the sum of the peak intensities from the (210) and (120) planes, from the data of JCPDS 
15-0776. The sample surface was X-ray irradiated parallel to the compressive plane. 
The ratio of the integrated intensities for the commercial mullite powder was ~ 0.11. 
This value agreed with the ratio of peak intensities from the JCPDS 15-0776 data. 
    The ratios of integrated intensities for the standard AS-SiC sintered at 1800 and 
1900 ºC, were much higher than that for the commercial mullite powder consisting of 
particles with an almost random orientation, whereas the ratios of integrated intensities 
for the standard AS-SiC sintered at 1600 and 1700 ºC were much lower than that for the 
commercial mullite powder. These results clearly show the temperature dependence of 
the mullite texture; that is to say, the c-axis of mullite is preferentially oriented parallel 
and perpendicular to the compressive axis at higher and lower temperatures, 
respectively. On the other hand, the ratios of the integrated intensities for the insulated 
AS-SiC were at the same level as the standard AS-SiC at 1600 and 1700 ºC. At 1800 
and 1900 ºC, however, the ratios of the integrated intensities of the insulated AS-SiC 
were still at a low level and lower than that for the commercial mullite powder. This 
suggests that the mullite texture was affected by the electric field during SPS at higher 
temperatures, while the electric field has no influence on the texture formation at lower 
temperatures.  
    To confirm the effect of the electric field and also examine the effect of applied 
pressure during sintering on the mullite texture, AS-SiC was sintered by hot pressing in 
the temperature range of 1700–1950ºC in a nitrogen atmosphere under the same 
pressure conditions with SPS. The trend of the texture formation did not agree with that 
of the standard AS-SiC but did agree with the insulated AS-SiC sintered by SPS, as 
shown in Figure 2. Thus, the mullite texture in the standard AS-SiC sintered at 1800 and 
1900 ºC has a unique microstructure – and this texture was caused by the effect of the 
electric field during SPS. The AS-SiC sintered without pressure in the furnace under a 
nitrogen atmosphere at 1600 and 1700 ºC had no mullite texture and the ratios of 
integrated intensities for those samples were almost at same level as that of the 
commercial mullite powder. Therefore, the formation of the mullite texture at lower 
temperatures can be attribute to the applied pressure during sintering. 
    Figure 3(a) and (b) present TEM images of the typical microstructures, with fine 
grain sizes of ~ 100 nm, of the standard AS-SiC sintered by SPS at 1700 and 1800 ºC, 
respectively. The incident direction of the electron beam was nearly parallel to the SPS 
current direction. There were no distinct differences in the morphology of the SiC grains 
or the other phases between the both samples. The aluminosilicate glass existed at the 
multiple grain junctions. The crystallized mullite phase also surrounded the SiC grains 
like a glassy phase, as shown in STEM images (Fig. 3(c) and (d)). STEM/EDS analysis 
revealed that the mullite phase in the standard AS-SiC sintered at 1800 ºC tended to 
show a higher Al/Si ratio than that sintered at 1700 ºC (Fig. 4), which suggests that the 
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 composition of the mullite phase in the AS-SiC sintered at 1800 ºC was Al2O3 rich.  
    Mullite crystal growth usually shows acicular morphology, with the needle axis 
parallel to the c-axis [8]. This can be explained by the periodic bond chain model of 
Hartman and Perdok [9], in which the surface energy in the (001) plane is higher than 
those in the {hk0} planes. Therefore, the crystal growth is enhanced parallel to the 
c-axis. The mullite crystal begins to be formed by the reaction between SiO2 and Al2O3 
in aluminosilicate melt at approximately 1500 ºC. The needle-like crystals formed 
during sintering aligned parallel to the compressive plane with densification. Finally, 
most of these grains grow in the aluminosilicate melt, keeping their crystallographic 
orientation and surrounding the SiC grains. Consequently, the c-axis of the mullite 
phase in the AS-SiC sintered at lower temperatures was oriented parallel to the 
compressive plane in both cases of SPS and hot pressing. This type of mullite crystal, 
which was formed by solid-state reaction, i.e. sintered mullite, consists of 3/2 mullite 
(i.e. Al6Si2O13) [10].  
    The mullite crystal formed by crystallizing of aluminosilicate melt, i.e. fused 
mullite, consists of mullite containing a larger amount of Al2O3 (as 2/1 mullite, i.e. 
Al4SiO8)) [11,12]. The XRD results suggested the AS-SiC sintered by SPS at 1800 ºC 
was alumina-rich mullite. The sintering temperature is lower than the melting 
temperature of mullite (~1830 ºC); however, the real temperature of a sample during 
sintering by SPS has been reported to be higher than that measured on the surface of a 
graphite mold by a pyrometer [13]. It is thus possible that the mullite phase melted 
during SPS even at 1800 ºC. We can therefore concluded that the mullite phase in 
AS-SiC sintered by SPS at >1800 ºC dissolved into aluminosilicate melt and 
precipitated as the alumina-rich mullite phase, thus forming the texture during sintering.  
    The alignment of carbon nanotubes (CNTs) in polymers and other viscous media 
under electric fields has been studied by many researchers [14,15]. In this case, the 
CNTs rotate in parallel to the direction of the electric field due to the electrostatic 
polarization along the tube axis direction. This orientation controlling by the electric 
field is also applicable for the insulating materials. Liu et al. [16] reported that a 
completely (001)-oriented ferroelectric LiNbO3 film grew on silicon wafer by applying 
an electric field using a pulsed laser deposition technique. The orientation of the 
deposited films was determined at a very early nucleation stage. The authors analyzed 
the change of the total free energy ∆G during the formation of a nucleus according to 
the Volmer–Weber theory on nucleation [17], considering the contribution of 
electrostatic energy resulting from the spontaneous polarization of LiNbO3. In case of 
the mullite nucleus in AS-SiC, the origin of the electrostatic energy is dielectric 
polarization of mullite. ∆G is then described as follows: 
∆𝐺𝐺 = −𝑉𝑉(∆𝜇𝜇 + 𝑃𝑃𝑑𝑑𝐸𝐸𝑓𝑓 cos 𝜃𝜃) + 𝑆𝑆𝑆𝑆 
where ∆µ is the chemical potential of grains per unit volume, V is the volume of a 
nucleus, S is the surface area, γ is the interfacial energy per unit area, Pd is the dielectric 
5 
 
 polarization of mullite, Ef is the electric field and θ is the angle between the electric 
field and the polarization direction. The orientation of the mullite nuclei is decided by 
the interaction between the polarization in the mullite nucleus and the electric field; 
therefore it is influenced by the anisotropy of the dielectric polarization in the mullite. 
The electrical conductivity (σ) in mullite has anisotropy characterized by σ[001] > σ[100] 
≈ σ[010] above 800ºC and it increases with temperature, thus increasing the contribution 
of the ionic conductivity [18]. From this, the dielectric polarization is assumed to be 
formed preferentially in the mullite nucleus along the c-axis direction upon application 
of an electric field. The mullite nuclei are thought to grow, making the polarization 
direction coincide with the direction of the electric field during cooling. Consequently, 
the c-axis of mullite is oriented parallel to the direction of the electric field. 
    The mullite texture in SiC ceramics sintered by SPS with Al2O3 and SiO2 powder 
as additives was classified according to the sintering temperature. At a temperature 
below 1800 ºC, the c-axis of the mullite was perpendicular to the compressive axis 
because the needle-like mullite nuclei along the c-axis were formed by the solid–state 
reacting between silica and alumina during sintering. At a temperature above 1800 ºC, 
the c-axis was parallel to the electric field direction because the preferred polarization 
along the c-axis was formed during the mullite nucleation from the aluminosilicate melt. 
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Figure 1. XRD patterns of AS-SiC sintered by SPS at (a) 1700 ºC and (b) 
1800 ºC. The sample surface was X-irradiated parallel to the compressive 
plane. 
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Figure 2. Ratio of the integrated intensity from the (001) plane, I (001), to the 
sum of the integrated intensities from the (210) and (120) planes, {I (210) + I 
(120)}, of mullite in AS-SiC sintered by SPS at various temperatures. The 
AS-SiC was sintered with (insulated AS-SiC) and without (standard AS-SiC) 
hafnia insulators. Data for the commercial mullite powder and the hot pressed 
AS-SiC are also presented. 
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Figure 3. TEM images of the standard AS-SiC sintered at (a) 1700 ºC and 
(b)1800 ºC, and STEM images of the mullite phase in the standard AS-SiC 
sintered by SPS at (c) 1700 ºC and (d)1800 ºC. The incident direction of the 
electron beam was nearly parallel to the SPS current direction.  
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Figure 4. Atomic ratios of Al, Si and O elements in the mullite phase analyzed 
by STEM/EDS in the standard AS-SiC sintered by SPS.  
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